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Understanding the distribution of earth pressure on buried structures is essential for the analysis and design of pipes, tunnels and vertical shafts.
This paper presents the results of an experimental investigation that has been conducted to measure the distribution of contact pressure on rigid
pipes using tactile sensing technology. The method allows for a continuous pressure proﬁle to be measured around the pipes using ﬂexible sheets
that can follow the cylindrical shape of the pipes. The physical model involves a buried pipe installed in granular material subjected to strip
surface loading. The effect of introducing a geogrid reinforcement layer above the pipe on the distribution of contact pressure is also examined.
To further study the distribution of pressure on the buried structure and the soil-geogrid interaction, numerical analyses are performed using a
multi-scale ﬁnite-discrete element framework that allows for both the explicit modeling of soil particles using discrete elements and the modeling
of the embedded structure using ﬁnite elements. The numerical framework is ﬁrst validated using the experimental results and then used to
investigate the detailed behavior of the soil-pipe system.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Measuring the earth pressure acting on buried structures has
been used in practice to monitor the performance of subsurface
structures including foundations, culverts, buried pipes, retain-
ing walls and tunnel linings. Pneumatic, hydraulic, vibrating
wire and strain-gauge based devices are among the commonly
used techniques for earth pressure measurement, particularly
for large-scale projects where stiff load cells are installed at0.1016/j.sandf.2015.04.010
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der responsibility of The Japanese Geotechnical Society.selected locations against the walls of the structure. The
performance of different contact pressure measurement cells
in geotechnical engineering applications has been reported by
several researchers, including Carlson (1939), Peattie and
Sparrow (1954), Selig (1964), Hanna (1985), Dunnicliff and
Green (1988), Lazebnik and Tsinker (1997), Talesnick (2005),
Ahmed and Meguid (2009) and Corey et al. (2014). It has been
concluded that rigid cells typically read stress levels that are
either low or high relative to the actual soil stress depending on
the cell stiffness, size, aspect ratio and placement procedures
(Selig, 1964; Kohl et al., 1989; Talesnick et al., 2011).
Tactile pressure sensors, adapted from the robotics industry,
have been successfully used in geotechnical engineering
applications to measure the distribution of normal stress in
granular soils (Paikowsky and Hajduk, 1997; Paikowsky et al.,
2000, 2002, 2006; Springman et al., 2002). A standard tactileElsevier B.V. All rights reserved.
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Fig. 1. Testing facility used in experimental work: a) Schematic of rigid tank
and buried pipe and b) Photograph showing details of experimental setup.
M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599 589sensor typically consists of an array of force-sensitive cells
embedded between two ﬂexible polymeric sheets to measure
the normal pressure distribution. Due to their limited thickness
(usually less than 1 mm), tactile sensors possess favourable
characteristics with respect to the aspect ratio and the stiffness
over conventional load cells. In addition, being ﬂexible enables
the shaping of the sensing pads to cover curved surfaces.
Hence, they are suitable for cylindrically shaped structures
(e.g., pipes, shafts or tunnels). Palmer et al. (2009) used tactile
sensing technology to measure the contact pressure on a buried
pipe subject to lateral loading, considering the time-dependent
characteristics of the polymeric sheet containing the sensing
units. Tessari et al. (2010) reported that tactile pressure sensors
can be used in geotechnical centrifuge to measure at-rest,
active and passive lateral earth pressure values on retaining
structures. Olson et al. (2011) used tactile sensors to record the
seismic earth pressure acting on model foundations in a series
of centrifuge tests. Gillis (2013) developed a calibration
method for tactile pressure sensors to be used in geotechnical
centrifuge. Ahmed et al. (2013) used tactile (TactArray)
sensors to measure the distribution of contact pressure on a
buried structure subjected to repeated loading. The sensors
consist of two specially designed pads containing two sets of
orthogonal electrodes (plates) separated by a ﬂexible insulator
that acts as a spring allowing for conformable and stretchable
pad designs. The tactile pads have proven to provide high
sensitivity and repeatability of the measured pressure. Enhan-
cing the bearing capacity of shallow foundations using geogrid
reinforcement has recently been investigated by several
researchers (e.g., Abu‐Farsakh et al., 2013; Chakraborty and
Kumar, 2014). Corey et al. (2014) presented the laboratory
results of a high-density polyethylene pipe buried at a shallow
depth and subjected to static loads with or without geogrid.
The contact pressure and the deﬂection of the ﬂexible pipe
were recorded as the results of the geogrid reinforcement.
In this study, an investigation into the distribution of contact
pressure on buried pipes is conducted using both experimental
and numerical methods. The experimental work involves a
thick-walled PVC pipe that is instrumented with tactile sensors
and buried in granular material, while a vertical strip load is
applied at the surface above the centreline of the pipe. The
effect of placing a geogrid reinforcement layer on the
distribution of radial earth pressure is examined. Validated
by the experimental results, a multi-scale numerical model is
then developed and used to investigate the earth pressure on
the pipe over a range of applied loading. In this technique, the
three-dimensional geometries of the geogrid and the pipe are
properly modeled using ﬁnite elements (FE), while the soil
particles are modeled using discrete elements (DE). The
coupling of the ﬁnite and discrete element methods allows
for the modeling of the interaction between the pipe and the
soil and provides a closer look into the three-dimensional
response of the geogrid material.
The experimental setup and test procedure are ﬁrst presented
followed by a brief description of the numerical framework
used to carry out the analysis. The results of both the physical
and numerical models are then grouped and compared to allowfor the validation of the developed model. The responses of
both the pipe and the geogrid layer are investigated under
increasing surface loading up to soil failure.2. Experimental Study
The experimental setup consists of a thick-walled pipe
embedded in granular backﬁll material contained in a strong
box. The pipe is instrumented using tactile sensing pads
wrapped around its outer perimeter covering the area near
the middle third of the pipe length. A universal MTS testing
machine with a capacity of 2650 kN is used to apply the strip
loading (see Fig. 1). A detailed description of the experimental
setup components is given below.2.1. Strong box
The strong box used in the experiments is shown schema-
tically in Fig. 1a. The box dimensions (1.4 m 1.0 m 0.45
m) are selected such that they represent a two-dimensional
loading condition. The rigid walls are placed far from the pipe
to minimize the boundary effects. The distance from the outer
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which is more than 4 times the pipe diameter. All the steel wall
surfaces are painted with epoxy coating and covered with two
plastic sheets - the ﬁrst is taped directly onto the walls of the
box, whereas the second is loosely placed such that the two
sheets are separated by a thin layer of grease to minimize
friction between the backﬁll material and the rigid walls during
the soil placement and the surface loading process.
2.2. Instrumented pipe
A thick-walled PVC pipe, with an outer diameter of 15 cm
and a wall thickness of 1 cm, is used in this study. The pipe
crown is placed 0.45 m below the soil surface and instrumen-
ted using two custom-made pressure sensing pads installed
directly on the pipe. The TactArray distributed pressure
measurement system (Pressure Proﬁle Systems, Los Angeles,
CA, USA) used in this study consists essentially of two sets of
orthogonal electrodes (plates) separated by a ﬂexible insulator
that acts as a spring allowing for conformable and stretchable
pad designs. When a normal load is applied on the sensors, it
changes the distance between the electrodes, resulting in a
change in capacitance. Applying a tangential force changes the
effective area between the plates. Thus, the capacitive sensors
are capable of detecting pressure levels by sensing the applied
normal and tangential forces. Each sensing pad contains 255
square-shaped sensors with pressure in the range of 0 to
140 kPa. The sensors are protected from backﬁll abrasion by
covering the instrumented pipe with a thin layer of stiff rubber
sheet (1 mm in thickness), as shown in Fig. 2a. Shim stocks,
made from the same pipe material, are used to provide a
similar contact surface condition to the original pipe and to
absorb the shear stress developing at the soil-pipe interface.
It should be noted that, although the pipe has been chosen
to perform such that no signiﬁcant deformation develops
during loading, two LVDTs are installed orthogonally inside
the pipe to ensure the validity of this assumption. The
maximum recorded change in diameter, at a surface pressure
of 140 kPa, was found to be less than 0.05 mm which is
considered to be insigniﬁcant.
2.3. Sensor calibration
In addition to the manufacturer's calibration, further labora-
tory testing was conducted on the sensing pads placed over
both ﬂat and curved surfaces. A setup was designed by
fabricating two different wooden frames, the ﬁrst having
rectangular-shaped walls and the second being designed such
that the lower end of two opposing walls would be cut with a
half-circular proﬁle that ﬁts over the instrumented pipe. The
boxes were then ﬁlled with gravel of a known weight (2000 g),
and the pressure distribution and the total weight were
recorded by the data acquisition system connected to the
sensors. In both cases, the results showed pressure readings
consistent with the applied load.
A series of experiments was also conducted to study the
effect of the protective layers on the measured pressure.A pneumatic system was used to apply vertical pressure directly
over the sensing pad. The pressure was gradually increased up
to a value comparable to that expected in the experiment. The
responses before and after the addition of the protective layers
were compared (Fig. 2b). The results show scattered pressure
readings recorded by the sensing pad with a compression of
about 0.13 mm at an applied load of 900 N. An insigniﬁcant
increase in compression was recorded after the addition of the
protective layer above the sensing pad. This indicates that the
chosen protective material is stiff enough and does not cause
additional compression under the loading level expected in the
experiment.
2.4. Testing procedure
In this study, the soil placement procedure has been used in
all tests to ensure consistent initial conditions. A total of four
experiments were conducted including two benchmark tests,
with only the instrumented pipe inside the backﬁll, and two
with one layer of biaxial geogrid.
Dry sandy gravel, with an average unit weight of 16.3 kN/m3,
was used as backﬁll material. The sieve analysis, conducted
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Fig. 3. Particle size distribution of backﬁll material.
Table 1
Properties of the backﬁll material.
Property Value
Speciﬁc gravity 2.65
Coefﬁcient of uniformity (Cu) 2.4
Coefﬁcient of curvature (Cc) 1.6
Minimum dry unit weight (γmin) 15.1 kN/m3
Maximum dry unit weight (γmax) 17.3 kN/m3
Experimental unit weight (γd) 16.3 kN/m3
Internal friction angle (ϕ) 47o
Cohesion (c) 0
Fig. 4. Snapshot of measured earth pressure distribution around pipe.
M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599 591on selected samples, indicated a coarse-grained material with
77% gravel and 23% sand. The friction angle of the backﬁll,
determined using direct shear tests, is found to be 47o. The
grain size distribution of the soil is shown in Fig. 3. The soil
was placed and tamped in layers to form a dense base bedding
material below the pipe. The instrumented pipe was then
placed over a thin sand layer to improve the contact between
the soils and the pipe. Backﬁll placement continued in layers
over and around the pipe up to the target soil height of 1.0 m.
The density of the backﬁll was measured in the rigid box using
density cups placed at different locations and collected after
the completion of the tests. The properties of the backﬁll
material are summarized in Table 1. The placement of the thin
sand layer, in contact with the pipe (less than 2% by weight of
the bedding layer), was found to cause insigniﬁcant changes in
soil density or friction angle.
Geogrid type BX1100 (polypropylene material with tensile
modulus of 205 kN/m at 2% strain), with dimensions of
0.4 m 0.6 m, is placed at a depth of 5 cm below the sand
surface. For all tests, the placement of the backﬁll continued up
to a distance of 0.45 m above the crown. The radial earth
pressure distributions on the pipe were measured using the
tactile sensors. Surface load was then applied using a
rectangular steel plate (45 cm long  10 cm wide) attached
to the actuator of the MTS machine and placed above the pipe
centerline. The load was gradually applied for ﬁve minutes
under displacement control with a displacement rate of
1.3 mm/min. The test was stopped when either a surfacedisplacement of 6.5 mm was reached or the pressure on the
tactile sensors exceeded the allowable capacity. After the
completion of each test, the tank was emptied using a vacuum
machine connected to a collection barrel. The pipe was then
retrieved and the setup was prepared for the next test. A
sample of the radial pressure distribution, recorded by the data
acquisition software, is shown in Fig. 4.
3. Numerical Analysis
3.1. Coupled ﬁnite-discrete element framework
The coupled FE-DE framework developed in this study is a
continuation of the original work of Dang and Meguid (2010,
2013) and Tran et al. (2013, 2014). The adopted numerical
algorithm is brieﬂy described in the following sections.
3.1.1. Finite Elements
The FE analysis in the framework is performed using an
explicit dynamic approach. The general equation is expressed
as:
KxþC _xþM €x ¼ P ð1Þ
where, K is the stiffness matrix, C is the damping matrix, M is
the mass matrix, P is the external force vector and x represents
the displacement vector.
An explicit time integration technique is used to obtain the
solution for Eq. (1) utilizing a computationally efﬁcient
central-difference scheme. Mass proportional damping is
employed to avoid the assembly of the global stiffness matrix.
Eq. (1) can then be written as:
KxþcM _xþM €x¼ P ð2Þ
where, c is the damping coefﬁcient.
In order to satisfy the convergence condition, time step ΔtFE
must be smaller than maximum time step ΔtFE½  determined by
Fig. 5. a) Interaction between two DE particles and b) Forces transmitting to FE nodes through DE particle- interface element interaction.
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ΔtFEr ΔtFE½  ¼
2ﬃﬃﬃﬃﬃ
λm
p ð3Þ
where, λm is the maximum eigenvalue,
λmrmax
i
Xn
j ¼ 1
Kij

Mii
ð4Þ3.1.2. Discrete Elements
The discrete element method is used to model the backﬁll
soil as a set of discrete particles interacting with each other in a
dynamic process based on a time-stepping algorithm and
explicit ﬁnite difference scheme. Translational and rotational
dynamic motions of the discrete elements are determined using
the following equations:
Fi ¼mð€xigiÞ ð5Þ
where, Fi is the sum of all the external forces acting on particle
i, m is the mass of the particle, €xi is the particle acceleration
and gi is the body force acceleration vector.
Mi ¼ _Hi ð6Þ
where, Mi is the moment acting on the particle and _Hi is the
particle angular momentum.
The interaction between DE particles is determined using
contact laws (Šmilauer and Chareyre, 2010) and the resulting
energy is dissipated using damping coefﬁcients, as described
below.
The interaction between two particles, A and B (Fig. 5a), is
represented by normal force F
!
N , tangential force F
!
T and
rolling resistance moment M
!
r. The normal and tangential
contact forces are determined using the normal penetration
between the two particles, Δ
!
N , and the incremental tangential
displacement, δΔ
!
T , such that:
F
!
N ¼ KN :Δ
!
N ; δ F
!
T ¼ KT :δΔ
!
T ð7a; bÞwhere, KN and KT are the normal and the tangential stiffness
values, respectively, at contact, deﬁned by:
KN ¼ 2EArAEBrBEArAþEBrB
ð8Þ
and
KT ¼ αKN ð9Þ
where, E is the particle material modulus, r is the particle
radius and α is a constant ratio.
Rolling resistance moment M
!
r is introduced to represent the
rolling restraint between the two particles. M
!
r is calculated
using rolling angular vector θ
!
r that describes the change in
relative orientation between particles by summing the angular
vector of the incremental rolling.
It is noted that both tangential force F
!
T and moment M
!
r
are limited by a threshold value such that:
F
!
T ¼
F
!
T
‖ F
!
T‖
‖ F
!
N‖ tan ðφmicroÞ if ‖ F
!
T‖Z‖ F
!
N‖ tan ðφmicroÞ ð10Þ
and
M
!
r ¼
Kr θ
!
r if Kr‖ θ
!
r‖o‖M
!
r‖lim
‖M
!
r‖lim θ
!
r
‖ θ
!
r‖
if Kr‖ θ
!
r‖Z‖M
!
r‖lim
8><
>:
ð11Þ
where,
‖M
!
r‖lim ¼ ηr‖ F
!
N‖
rAþrB
2
ð12Þ
Kr is the rolling stiffness of the interaction; it is calculated
using the following equation:
Kr ¼ βr
rAþrB
2
 2
KT ð13Þ
where, βr is the rolling resistance coefﬁcient and ηr is a
dimensionless coefﬁcient.
To ensure the stability of the DE model, critical time-step
Δtcr is determined:
Δtcr ¼min
i
ﬃﬃﬃ
2
p ﬃﬃﬃﬃﬃmi
Ki
r
ð14Þ
4 mm 
Rib thickness: 0.9 mm     8-node 
M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599 593where, mi is the mass of particle i and Ki is the per-particle
stiffness of the contacts in which particle i participates.0.6 m
0.41 m 
33 mm 
25 mm 
brick element 
Fig. 6. Plan view of geogrid.3.1.3. Interface Elements
Interface elements are used to assure the interaction between
the FE and DE domains. Triangular facets are used as interface
elements and directly deﬁned by the three nodes of the ﬁnite
element located on the interface (for tetrahedral-shaped ele-
ments). If hexahedral elements are used, the contact interface is
divided into four triangular facets by creating a temporary
center node determined by:
xðOÞ ¼ 1
4
X4
i ¼ 1
xðiÞ ð15Þ
where, xðiÞ is the coordinate of node i of the quadrilateral.
The interaction between a discrete particle and an interface
element is illustrated in Fig. 5b using a contact algorithm
similar to that used between the DE particles. In each
computational step, a set of potential particle-interface contacts
is ﬁrst obtained through spatial sorting. The contact between a
DE particle and an interface element is then determined based
on the separating distance as well as the projected location of
the particle center on the interface element. Normal penetration
Δ
!
N and incremental tangential displacement δΔ
!
T are deter-
mined allowing for the normal and tangential contact forces to
be calculated. The interaction forces, transmitted to the FE
nodes, can then be calculated as follows:
F
!
i ¼ F
!
contact:Ni ð16Þ
where, F
!
contact ¼ F
!
Nþ F
!
T is the total contact force and Ni
are the shape functions obtained using the natural coordinates
of the contact point.
The contact forces developing on both the DE and FE
domains result in DE particle movement and the deformation
of the FE structure. This, in turn, leads to the deformation of
the interface elements and the generation of new potential
particle-interface interactions.
As the time step ΔtFE required for FE is much larger than
that required for DE (ΔtDE), using different time steps for each
domain improves the computational efﬁciency. In this study,
the time step used in the FE domain is selected such that
ΔtFE ¼ nΔtDE where n is an integer such that nr ΔtFE½ ΔtDE . This
algorithm is implemented by executing the FE solver for every
n DE computation step.
A typical FE-DE computational cycle consists of the
following main steps:
i) Contact is detected between the DE particles and the
interface elements; ii) The interaction parameters of each
contact are calculated; iii) The particle-particle and the
particle-interface interactions are evaluated; iv) The particle
velocities are calculated and their positions are updated. For
every n time step, the FE solver is executed and the forces
acting on the FE nodes are re-calculated to determine the node
displacements. Newly deformed geometries are obtained for
both the FE and the interface elements.3.2. Modeling details
The geogrid and the pipe are modeled using FE, while the
soil is modeled using DE, as discussed in the previous
sections. Interface elements are used to simulate the interaction
between the two domains. The biaxial geogrid, which com-
prises 15 longitudinal elements and 17 transverse elements, is
modeled using 8-node brick elements (Fig. 6). It is noted that
the local increase in geogrid joint thickness is not considered in
the model in order to simplify the numerical analysis. A linear
elastic model is used for the geogrid material. The Young's
modulus of the geogrid (BX1100) is determined by matching
the calculated tensile test results with those measured in the
index test at a strain of 2% (E¼1.4 103 MPa), as summar-
ized in Table 2. This assumption is considered appropriate
since the observed geogrid deformation is rather small. The
full geometry of the geogrid, which comprises over 2100 ﬁnite
elements and 15,000 interface elements, is shown in Fig. 6.
The number of ﬁnite elements is chosen to ensure reasonable
accuracy and, at the same time, to keep the computational costs
at an acceptable level. The geogrid elements are fully covered
by interface elements; and therefore, the soil-geogrid interac-
tion at all contact points within the model is properly
simulated. In addition, particles on either side of the geogrid
are allowed to move freely through the geogrid apertures. They
interact with other particles in a similar manner to that
experienced in pullout experiments.
The pipe is modeled using shell elements with material
properties based on those measured in the laboratory, as shown
in Table 2. Since the deformation of the pipe measured in the
experiments was found to be negligible, the elastic model is
deemed sufﬁcient for the pipe material.
The backﬁll used in the experiment is modeled using
spherical particles. The simpliﬁed particle shape greatly
improves the computational efﬁciency as it minimizes the
Table 2
Input parameters used in the numerical analysis.
Type of elements Parameter Value
Discrete particles Density (kg/m3) 2700
Material modulus E (MPa) 100
Ratio KT/KN 0.25
Coefﬁcient of friction (tan φmicro) 0.87
βr 0.02
ηr 1.0
Damping coefﬁcient 0.2
8-node brick elements (for geogrid simulation) Young's modulus E (MPa) 1.4Eþ3
Poisson's ratio ν 0.45
Shell elements (for pipe simulation) Young's modulus E (MPa) 2.8Eþ3
Poisson's ratio ν 0.38
Interface elements Material modulus E (MPa) 100
Ratio KT/KN 0.25
Coefﬁcient of friction (tan ϕ) 0.45
1.4 m
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1.0 m 
strip footing 
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X 
pipe 
Y 
Fig. 7. Partial view of numerical model showing geogrid layer and
buried pipe.
pipe 
    D = 150 mm 
zone of smaller particles
Fig. 8. Close view of pipe and surrounding particles.
M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599594need to bond much smaller spheres to create the shape of the
gravel particle.
Although the predeﬁned particle size distribution has a
signiﬁcant effect on the behavior of the discrete element
system, it is numerically prohibitive to simulate millions of
particles with their actual sizes. Therefore, particle up-scaling
is necessary to reduce the number of modeled particles and to
increase the critical time step of the simulation. Consideration
is usually given to particle size in order to maintain a balance
between computational costs and the scaling effects on the
sample response. A small-scale factor (ratio between the sizes
of the spheres and real particles) of 2 is chosen in this study
(see Fig. 3). According to Potyondy and Cundall (2004), when
the number of particles is large enough (over 300,000 particles
in this analysis with a scale factor of 2), the macroscopic
response becomes independent of the particle sizes.
The thin sand layer used to improve the contact between the
soils and the pipe is modeled using spherical particles
following a normal distribution with a mean diameter of
6 mm and a standard deviation of 1.2 mm. Soil particles are
generated in this study using the gravitational approach
proposed by Tran et al. (2013) to represent the backﬁll
placement in layers under gravity, as summarized below.
Layers of particles (about 0.05 m in thickness) are generated
to form the backﬁll material. To build the ﬁrst layer, a set of
non-contacting particles is generated until the target volume is
reached. This target volume is calculated based on the porosity
of the sand, which is given to be 0.41. The initial height of the
box is chosen to be larger than the target height of the layer to
ensure that all particles can be generated without overlapping.
Gravity is then applied to all particles allowing them to move
downward and to come into contact with each other. The inter-
particle friction angle is initially set to zero. Lateral shaking is
applied to the box to help small particles move into the voids
located between larger particles. The geogrid and the pipe are
generated during the packing process to ensure the proper
interaction with the DE particles. Particles at the locations of
the geogrid and the pipe are removed, and the geogrid, the pipe
and the interface elements are generated. The next cloud ofparticles is generated and the procedure is repeated until the
ﬁnal backﬁll volume is formed. The 3D geometry of the ﬁnal
sample, with over 300,000 particles, is shown in Fig. 7. A
close view of the pipe model and its surrounding DE particles
is shown in Fig. 8.
The parameters needed for the discrete element analysis are
determined by matching the numerical and the experimental
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101.6 mm 101.6 mm. During the shearing process, the lower
part of the box was moved with a constant rate of 0.3 mm/
minute while the upper part was kept stationary. Three
different normal stress levels, 23 kPa, 33.5 kPa and 55 kPa,
were applied on top of the shear box. Details of the typical DE
simulations of direct shear tests are provided elsewhere (Tran
et al., 2014). Using a scale factor of 1, the grain size
distribution used in the model follows the measured distribu-
tion of actual backﬁll material. It is noted that while the
particle size distribution is considered realistic, the spherical-
shaped particles and the contact model are somewhat artiﬁcial.
As the behavior of discrete element assemblies depends not
only on the microscopic parameters, but also on the particle
shape, the grain size distribution and the contact model, three
important microscopic parameters (friction angle, rolling
resistance and contact stiffness) are varied to match the
experimental results, as summarized in Table 2. Other parameters
are identiﬁed as follows: the particle density is 2700 kg/m3 and
the KT/KN ratio is ﬁxed to be 0.25, as suggested by Tran et al.
(2014).
3.3. Capturing the interaction effects
After the ﬁnal particle assembly is formed, the geogrid and
the pipe are allowed to freely deform. A strip footing
(100 mm 450 mm), similar to that used in the experiment,
is simulated by gradually applying surface pressure using a
displacement control scheme, as illustrated in Fig. 7. The input
parameters are then assigned to the particles and the ﬁnite
elements. A friction angle with a tangent value of 0.8 is
applied between the footing and the DE particles to simulate
the foundation base used in the experiment. No friction is used
for the interface between the particles and the box walls. To
examine the effect of the particle-interface interaction on the
response of the footing model, a parametric study was
conducted and the results revealed that the stiffness of the
interface elements does not have a signiﬁcant effect on the
numerical results. It is noted that choosing unrealistically small
stiffness values for the interface can cause the DE particles to
deeply penetrate into the ﬁnite elements making it hard to
bring it back to the DE domain. Contrarily, choosing unrea-
listically high interface stiffness values can lead to smaller
critical time steps and this leads to an increase in computa-
tional costs. Therefore, the stiffness values of the interface
elements are assigned to have the same values as the DE
particles.
On the other hand, the coefﬁcient of friction between the DE
particles and the interface elements was found to affect the
overall response of the soil-geogrid-pipe system. Therefore, the
friction coefﬁcient needs to be determined through a calibra-
tion process based on the experimental results. This friction
coefﬁcient compensates for the fact that spherical particles
generally mobilize less frictional contact with structural
surfaces as opposed to real sand particles. Therefore, a
parametric study was performed to investigate the effect of
the particle-interface friction coefﬁcient on the overall systemresponse, from which a particle-interface coefﬁcient with a
friction of 0.45 was determined, as given in Table 2.
4. Results and Discussions
4.1. Load-displacement relationship
The relationships between the applied footing pressure and
the surface displacement, with and without geogrid reinforce-
ment, are shown in Fig. 9. The effect of adding a geogrid layer
can be illustrated by comparing the measured responses for
both the reinforced and the unreinforced cases. For a given
surface displacement, a signiﬁcant increase in the footing
pressure was recorded with the use of geogrid reinforcement.
It should be noted that the applied pressure was limited by the
capacity of the tactile sensors (20 psi or 140 kPa); and there-
fore, the tests were stopped before the footing pressure reached
the ultimate bearing capacity in both cases. The calculated soil
responses are also plotted in the same ﬁgure for validation
purposes. It can be seen that the numerical results agree well
with the experimental data for both the reinforced and the
unreinforced conditions.
4.2. Initial pressure distributions on the pipe
The measured and the calculated initial pressure levels acting
on the pipe are shown in Fig. 10. For comparison purposes, the
distributions of pressure for the cases of unreinforced and rein-
forced soils are presented on opposite sides of the polar chart. The
use of tactile sensors allows for the distribution of pressure on the
pipe to be continuously measured. Even though careful efforts
were made to ensure the consistency of the initial pressure
distributions for both the unreinforced and the reinforced cases, a
Fig. 10. Initial pressure distribution on pipe (units: kPa).
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Fig. 11. Changes in radial pressure at crown.
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Fig. 12. Changes in radial pressure at upper haunch.
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Fig. 13. Changes in radial pressure at lower haunch.
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Fig. 14. Changes in radial pressure at invert.
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M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599 597small difference in pressure was observed in the experimental
results for the two cases, as illustrated in Fig. 10. This difference
can be explained by the possible variation in tamping forces
during the soil placement process. The use of tactile sensors
allowed for small changes in pressure to be continuously recorded
around the pipe. The largest radial pressure values were observed
at the pipe invert. The calculated pressure at this location was
found to depend on the damping forces applied during the particle
generation process. Although general agreement between the
experimental and the numerical results is observed, Fig. 10 shows
that smaller radial pressures were calculated near the springline as
compared to the measured values. This may be attributed to the
fact that two sensing pads were connected around this location
leading to a slight change in the pressure readings.
4.3. Increase in pressure on the pipe due to applied footing
load
The changes in radial pressure acting on the pipe during the
loading process are analyzed and compared with the measured
values. Four locations have been chosen to investigate theFig. 15. Geogrid response at footing pressure of 200 kPa:pressure changes including the pipe crown, the upper haunch,
the lower haunch and the invert. The springline of the pipe was
not selected for the analysis due to the signiﬁcant difference
between the measured and the calculated values at this
location. The changes in pressure at the crown, the upper
haunch, the lower haunch and the invert are presented in
Figs. 11–14, respectively. In each ﬁgure, the normalized radial
pressure is presented against the surface displacement below
the footing for the unreinforced and reinforced cases. It can be
seen from Figs. 11 through 14 that the radial pressure acting on
the pipe generally increased with the increase in footing
pressure. At an applied displacement of 6.5 mm, the increase
in pressure around the pipe was found to be the highest at the
crown (Fig. 11), followed by the invert (Fig. 12) and then by
the upper and lower haunches (Figs. 13 and 14). The presence
of the geogrid layer resulted in a decrease in the radial
pressure, particularly at high displacement levels. This can
be explained by the mobilization of the geogrid strength as part
of the vertical load is transferred laterally through the geogrid
material. This illustrates the possible usefulness of the geogrid
in reducing the effect of surface loading on buried pipes. Bya) vertical displacement and b) Geogrid stress (Sxx).
M.R. Ahmed et al. / Soils and Foundations 55 (2015) 588–599598comparing the experimental and numerical results, it can be
seen that the coupled ﬁnite-discrete element method was able
to essentially capture the radial pressure distribution on
the pipe.
4.4. Behavior of the geogrid
The vertical displacement of the geogrid and the induced
tensile stress (Sxx) at an applied footing pressure of 200 kPa
are shown in Fig. 15a and b, respectively. It can be seen that
the deformation of the geogrid occurred mainly in a region
located directly below the footing. Very small deformations
were calculated outside this region. Stress Sxx was found to be
high below the footing and then decreased with distance away
from the loaded area. The numerically calculated geogrid
deformation pattern is consistent with that observed during
the experiments.
4.5. Effect of geogrid reinforcement on radial pressure at high
surface loads
Since the experiments had to be terminated prior to reaching
a complete soil failure under the applied footing pressure,
additional numerical modeling was performed by progressively
increasing the applied load and recording the correspond-
ing changes in radial pressure on the pipe for the reinforced
and unreinforced cases. This is deemed necessary to fully0.5
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Fig. 16. Changes in radial pressure up to soil failure: a) at crown and b) at
upper haunch.investigate the efﬁciency of the geogrid at higher strain levels.
It has been shown from Figs. 11 through 14 that up to a
vertical displacement of about 6.5 mm, the effect of the
geogrid in reducing the induced pressure on the pipe was
highest at the crown and much less at the upper haunch. The
changes in radial pressure at these two locations, due to the
additional increase in surface loading up to the ultimate soil
bearing capacity, are shown in Fig. 16a and b, respectively. It
can be seen that the efﬁciency of the geogrid in reducing the
radial pressure on the pipe increased with an increase in the
footing load. This is explained by the increase in interlocking
resistance between the geogrid and the backﬁll as a result of
the additional induced geogrid deformation leading to less
vertical pressure transmitting down to the pipe.
5. Summary and Conclusions
This study has investigated the distribution of earth pressure
on buried pipes using both experimental work and numerical
analysis. The contact pressure distribution on a rigid pipe was
measured using tactile sensing technology. The buried pipe
was installed in gravel backﬁll material and subjected to strip
surface loading. The tactile sensors provided a continuous
pressure proﬁle around the pipe. The effect of installing a layer
of geogrid reinforcement near the surface on the radial pressure
distribution on the pipe was examined. A multi-scale ﬁnite-
discrete element framework was used to investigate both the
soil-pipe and the soil-geogrid interactions.
The contact pressure obtained using the performed numer-
ical analysis was found to be in agreement with the experi-
mental results. Radial pressure acting on the pipe generally
increased with an increase in the applied footing load. With the
introduction of geogrid reinforcement, the radial pressure
acting on the pipe was found to be smaller than that of the
unreinforced case. This indicates that the effect of the geogrid
increased with the increase in surface loading.
Finally, the ﬁnite-discrete element approach, presented in
this study, has proven to be effective in capturing the response
of both the pipe and the geogrid and their interaction with the
surrounding ground.
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